Abstract-This paper demonstrates the heterogeneous integration of thin-film photonic devices onto a silicon-based host substrate by the combination of surface tension-driven fluidic self-assembly (FSA) and modified micro-pick-and-place (PAP) technique. FSA offers self-alignment and integration capability of thin-film devices onto a host substrate with high precision, while the PAP technique provides an efficient guiding mechanism by coarse positioning of the device and improves efficiency and yield of the integration by overcoming the stochastic limitation of FSA. An array integration of thin-film GaAs metal-semiconductor-metal photodetectors (PDs) onto a siliconbased host substrate has been successfully demonstrated with the proposed integration approach. Electrical measurement was performed to confirm the metal-to-metal contact between the integrated PD and its substrate. Misalignment of the PD from the optimal desired location was also analyzed. In addition, specific contact resistance of the Au-to-Au bonding was investigated. The proposed integration method can be further developed with the help of a high-speed automation technique for PAP to be compatible with batch wafer processing.
scale devices, which are realized in their preferential growth substrates through specific fabrication procedures. However, one of the challenges to be solved in FSA due to its stochastic nature is that the devices might not reach the desired integration locations. In other words, an efficient external guiding mechanism is essential to steer the devices to their predefined binding sites. To address this issue, different guiding mechanisms such as pulsating flow [10] , [11] , ultrasonic vibration [12] , [13] , magnetic field [14] , [15] , and electric field [16] , [17] have been studied. The FSA approach with an efficient external guiding mechanism benefits parallel integration especially for highly dense microsystems. However, most of the demonstrated devices [18] [19] [20] are thick and bulky compared with thin-film devices having a thickness of 0.8-3 μm. On the other hand, the pick-and-place (PAP) approach is comparatively straightforward and useful for a microsystem that does not require massive and dense integration. It can correct the stochastic limitation of the self-assembly process and provide the potential of dexterous manipulation and complex operations with the help of advanced robotic kinematics and automation strategies. However, with the decrease in device dimensions, the conventional PAP method requires modification. For instance, its requirements include safe handling of the devices and tackling the sticking problem during the device releasing step [21] , [22] . Compared to a thin-film device, most of the reported devices integrated utilizing PAP and capillarity are thick in nature [23] [24] [25] [26] [27] . Therefore, the risk of damaging them in the storage and handling steps is low.
This paper demonstrates the integration of thin-film photonic devices onto a silicon-based host substrate utilizing surface tension-driven FSA and a modified micro-PAP approach. Thin-film format of optical devices allows a topological flat surface after its integration. This leads to a unique advantage: layer-by-layer integration [4] , [28] , [29] . The proposed integration approach in this paper can provide exciting opportunities for heterogeneous integration of thin-film devices with high repeatability and improved process yield.
II. OVERVIEW AND INVESTIGATION OF THE
PROPOSED INTEGRATION METHOD Fig. 1 shows the proposed integration approach of thin-film III-V optical devices onto a silicon substrate. Thin-film III-V optical devices are fabricated and transferred onto a temporary carrier in water, making them ready for 2156-3950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. further integration [ Fig. 1(a) ]. Also, a silicon host substrate with electrical contacts is prepared and attracting lubricant medium for self-assembly is selectively formed on their predesigned integration locations [ Fig. 1(b) ]. A needle tip is treated to be hydrophobic to attract the lubricant. This allows the needle tip to pick up a thin-film device sitting on the temporary carrier in water. Then, the needle tip with the device is brought to the integration substrate and roughly aligned with the binding sites [ Fig. 1(c) ]. And the tip is lowered to make the device contact the attractive lubricant predefined on the integration pads. The device is released from the needle due to a more significant attraction force between the device and the lubricant on the substrate. Meanwhile, once the thin-film device is attracted by the lubricant, it achieves self-alignment due to interfacial energy minimization and completes the integration. In order to test the feasibility of the proposed integration method, a SiO 2 /Si host substrate was prepared with selective formation of lubricant on binding sites [9] , [15] , as shown in Fig. 2(a) . A thin-film GaAs photodetector (PD) was fabricated separately, and in a water environment, it was picked up by a needle tip with a small amount of lubricant underneath [ Fig. 2(b) and (c)]. Using a manipulator, the PD was coarsely aligned with the desired binding location [ Fig. 2(d) and (e)]. The PD was attracted by the lubricant and released from the needle, followed by the self-alignment to the optimal integration location [ Fig. 2 (f) and (g)].
Captured pictures in Fig. 3 demonstrate the self-alignment capability of the proposed integration method. A needle was used to move an integrated PD to create an offset from the initial integrated position [ Fig. 3 contact due to thermo-compression. Next, the polymer was removed by oxygen (O 2 ) plasma. The electrical measurement of the integrated PD can be done to verify the contact of the PD and substrate. This demonstrates the feasibility of the proposed integration method. The details of thin-film PD fabrication, host substrate preparation, needle tip treatment, and an array integration of thin-film PDs are described in the following sections.
III. EXPERIMENTS, RESULTS, AND DISCUSSION

A. Thin-Film PD Fabrication
The GaAs metal-semiconductor-metal (MSM) PDs are separately grown, optimized, and fabricated on their preferred growth substrate. The material structure of the starting wafer is as follows: GaAs PD layer/AlAs etching stop layer/GaAs growth substrate with thicknesses of 1/0.2/350 μm, respectively. The top metal patterning with Cr\Au (20\180 nm) was done with a bilayer lift-off process, which includes SF11 and AZ photoresists lithography and thermal evaporation, as shown in Fig. 4(a) -(e). After the mesa definition by wet etching using citric acid: H 2 O 2 (4:1) [ Fig. 4(f) ], the thin-film PDs were separated from the growth substrate by the removal of the sacrificial layer (AlAs) using hydrofluoric acid (HF, 10%) [ Fig. 4 (g) and (h)]. They were embedded in and protected by Apiezon wax.
A droplet of a solution comprising 25% polyacrylic acid (PAA) and water (1:3 v/v) was dispensed onto a cover glass, and the PDs were placed on top of the PAA overnight [ Fig. 5(a1) ]. Later, the wax was removed by trichloroethylene [ Fig. 5(a2) ], and the sample is shown in Fig. 5(a3) and (a4) . Then, the thin-film PDs on the PAA were transferred to another cover glass with their metal side facing down for future integration. The setup is illustrated in Fig. 5(a5) . The glass with PAA and PDs was flipped over and mounted on the top of the final host cover glass in a Petri dish. The gap between the device cover glass and the host cover glass was generated by two cover glasses [the gray pillar in Fig. 5(a5) ], which resulted in a 200-μm gap. DI water was then introduced with a pipette to the Petri dish to dissolve the PAA [ Fig. 5(b1)-(b4) ], and thus PDs got detached from the upper cover glass [ Fig. 5(b5) and (b6) ]. The PDs were saved and stored on the host cover glass in water environment for the proposed integration approach.
B. Host Substrate Preparation and Selective Formation of Lubricant
A SiO 2 (1 μm)-coated silicon wafer was employed as a host substrate [ Fig. 6(a1) ]. The electrical contacts (Cr\Au, 20\180 nm) were patterned using a bilayer lift-off process [ Fig. 6(a2) ]. The same bilayer photolithography was used to open the integration pads on the substrate, and it was treated with O 2 plasma to modify the surface making it highly hydrophilic, which is preferable for the following self-assembled monolayer (SAM) formation [ Fig. 6(a3)] . Then, the sample was covered by 1 mM ODT solution (1-octadecane-thiol in ethanol, CH 3 (CH 2 ) 17 SH) for 1 min [ Fig. 6(a4) ]. One terminal of the chemical adheres well onto the hydrophilic gold surface while the other terminal is hydrophobic. Next, the photoresist was removed by immersion in PG remover, and the substrate was cleaned with acetone, methanol, and isopropyl alcohol, and dried with nitrogen (N 2 ) [ Fig. 6(a5) ]. Finally, the substrate was lowered into a Petri dish through the lubricant-water interface [ Fig. 6(a6) ]. Fig. 6(b) shows that the lubricant formed only on the integration pads (rectangle pads), which were opened by photolithography. The lubricant used is an evaporable solvent, OptiClear S2 (National Diagnostics), and it leaves no residue after evaporation. This benefits the direct metal-to-metal bonding between the thin-film device and integration pads to achieve permanent electrical contact. Also it evaporates more slowly compared with other solvents, providing stability in terms of device alignment.
C. Treatment of the Needle and an Array Integration of the Thin-Film PDs
A needle used for PD integration was prepared by depositing Cr\Au (20\180 nm) on its tip area using thermal evaporation and Kapton tape. After peeling off the tape, only the tip area was coated with gold [ Fig. 7(a) ]. Then, the needle was treated with O 2 plasma (hydrophilic surface) and dipped into ODT solution to form the SAM on the gold area. This process changes the gold tip into a hydrophobic surface, which promotes exclusive lubricant formation in the tip area. The needle was attached to a micromanipulator for optimum pickup and transportation of the device. The needle was introduced in water environment and brought in contact with the lubricant droplet [ Fig. 7(b2) ], which resulted in the formation of a small lubricant droplet at the tip, as shown in Fig. 7(b3) .
The needle was used to pick up one PD from the fabricated GaAs PD array on the cover glass and was coarsely aligned with the binding sites using the same PAP method as described in Section II. During picking up the thin-film PDs, the needle tip was carefully lowered to avoid damage to the PDs caused by excessive pressure. Once the PD touched the lubricant on the integration pads with coarse alignment, the needle was moved up and the PD got attracted by the larger amount of lubricant on the substrate. Meanwhile, due to the interfacial energy minimization, the PD was self-aligned onto the integration locations. Before picking up another PD from the array, the needle needs to touch the lubricant again to form the attracting medium. A 2 × 2 array of the integrated thin-film PD was completed by repeating the PAP steps. This approach has more potential for a sophisticated and advanced system, which requires various types of devices, like in sequential multibatches [30] . Postprocessing was carried out to ensure the stable electrical contact between the PD and its substrate as described in Section II. The OptiClear S2, which served as the attracting medium in both guiding and self-assembly, can be easily evaporated with little effect on the PD and substrate. The array of integrated thin-film GaAs PDs on the silicon substrate is shown in Fig. 8(a) and their electrical contact was confirmed by dark current and photocurrent measurements, as shown in Fig. 8(b) . The variation in the dark currents of the integrated devices might have resulted from fabrication imperfections introduced in the PD fabrication steps. The alignment tolerance of the integrated PDs was also studied. In Fig. 9 , each marker represents the point with misalignment of a device from its optimal integration location. The absolute value of the data was employed to calculate the mean and standard deviation of the misalignment, and the results are 5.5 μm ± 1.78 μm and 7 μm ± 5.79 μm for x and y axes, respectively. To achieve a more precise alignment of the PD on the desired locations, various parameters should be carefully considered and designed. For example, these include the volume and viscosity of the lubricant, the surface treatment, and the shape and quality of the integration pads. As shown in Fig. 6(b) , some binding sites were not fully covered by the lubricant (the corner of lower-left side) due to rectangular shape, and the lubricant coverage was not symmetrical to each other. This would affect the final accuracy of device integration. It can be improved by designing different shapes of binding sites or adding thin wetting sidewall for the sites [31] assuring full lubricant coverage. Another reason for misalignment of tiny thin devices might be the shrinking surface tension of water during the water removal step after the self-assembly is completed [32] . More care should be taken to homogeneously extract water from the integration environment. Table I represents a comparison of different parameters of the demonstrated integration techniques with relevant published works. It can be seen from the table that most of the published integrated devices are thicker compared with thinfilm devices. As the thin-film PDs are very prone to incur physical damage, water-dissolvable polymer and modified PAP were utilized in the device introduction and manipulation steps, respectively, to ensure safe handling. In future, more efforts will be invested to improve the alignment accuracy as discussed above.
The Au-Au contact resistance between the device pads and integration pads was studied. The test device, substrate, and schematic are shown in Fig. 10 . The fabrication and integration are the same as those described in the previous sections. The test device has metal layers Au/Cr (200/20 nm) with a dimension of 400 μm × 150 μm and mesa definition of 500 μm × 250 μm [ Fig. 10(a) ]. The integration host substrate has several 50-μm-wide evaporated metal lines having 30-μm separation between them. The 1 mM SAM layer was treated on the selective gold areas, and the lubricant was formed to complete the device integration, followed by postprocessing to ensure the Au-Au bonding [ Fig. 10(b) ]. At first, contact resistance measurements were performed using two probes on a specific metal line [red arrows in Fig. 10(b) ] of the integration substrate to compensate for the test wire resistance and serve as a reference. The effect of the measured value of 3.8 needs to be eliminated while analyzing the actual gold pad-to-pad contact resistance. After that, contact resistance data were gathered at different locations [blue arrows in Fig. 10(b) ] of the integration pad while keeping one of the probes fixed at the base metal line [black arrow in Fig. 10(b) ].
All of the measurements resulted in a resistance of 4.0 . The actual resistance in each of the two gold contacts between the device and the host substrate was experimentally found out to be 0.1 while taking into account the effects of the reference measurements (red arrows). As each of the contacts has an area of 50 μm × 150 μm, the specific contact resistance can be calculated to be 7.5 ×10 −6 /cm 2 , which is acceptable compared with reported values [34] . In the future, the effects of SAM concentration on contact resistance will be categorically studied.
IV. CONCLUSION
In this paper, a technique to heterogeneously integrate thin-film photonic devices on a silicon-based host substrate was demonstrated. Surface tension-driven FSA and micromanipulator-based modified PAP method were used as device integration and guiding mechanisms, respectively. This enables the efficient handling and precise alignment of thinfilm photonic devices. GaAs-based thin-film MSM PDs were fabricated in their preferential growth substrate through their specific fabrication procedures. Detailed description of different steps starting from the host substrate preparation, PD release using water-dissolvable polymer, and modification of the PAP tool have been provided along with the fabrication of thin-film GaAs-based MSM PDs. Electrical measurements were performed on the integrated PDs to confirm the functionality of the proposed integration technique. Thin-film PDs selfaligned to the predefined binding sites on their host substrate due to free energy minimization. This technique can open new avenues for the development of multifunctional photonic systems consisting of multimaterial sub-blocks realized and optimized in their suitable growth substrates and fabrication protocols.
